Fluorescence lifetime imaging microscopy (FLIM) is a powerful tool for quantitative fluorescence imaging because fluorescence lifetime is independent of concentration of fluorescent molecules or excitation/detection efficiency and is robust to photobleaching. However, since FLIM is based on point-to-point measurements, mechanical scanning of a focal spot is needed for forming an image, which hampers rapid imaging. In this article, we demonstrate scan-less full-field FLIM based on a oneto-one correspondence between two-dimensional (2D) image pixels and frequencymultiplexed RF signals. A vast number of dual-optical-comb beats between dual optical frequency combs is effectively adopted for 2D spectral mapping and highdensity frequency multiplexing in radio-frequency region. Bimodal images of fluorescence amplitude and lifetime are obtained with high quantitativeness from amplitude and phase spectra of fluorescence RF comb modes without the need for mechanical scanning. The proposed method will be useful for rapid quantitative fluorescence imaging in life science.
-4-Fluorescence microscopy 1 is a powerful tool for observing the localization and migration of specific molecules and proteins in cells and tissue by molecular labelling with fluorescent probes or proteins. Although fluorescence intensity is a representative imaging modality in fluorescence microscopy, it is often influenced by not only the concentration of fluorescent molecules but also photobleaching and excitation/detection efficiency. Therefore, the absolute fluorescence intensity often lacks quantitativeness. Although the fluorescence intensity ratio between two different fluorescence or excitation wavelengths 2,3 is an alternative method that can compensate for the drawbacks associated with absolute fluorescence intensity, it is influenced by differences in focal position between the two wavelengths.
An interesting imaging modality for quantitative fluorescence microscopy is fluorescence lifetime, which is used in fluorescence lifetime imaging microscopy (FLIM) 4 . The fluorescence lifetime is determined by the types of fluorescent molecules and the environment surrounding the molecules, and shows little dependence on the concentration of fluorescent molecules, photobleaching, and excitation/detection efficiency. Therefore, the fluorescence lifetime is more quantitative than the fluorescence intensity. It is also sensitive to changes in the micro-environment around -5-fluorescent molecules, such as temperature 5 or pH 6 . Furthermore, even though the signals from two fluorescent molecules with similar fluorescence wavelengths are spectrally overlapped, molecular selectivity can be achieved based on different fluorescence lifetimes 7 .
Fluorescence lifetime can be measured by the time-correlated single-photoncounting method (TC-SPC) with pulsed excitation 4, 8, 9 or the phase measurement (PM) method with sinusoidal excitation 4, 10, 11 . Both methods are based on point measurement, and they have advantages and disadvantages, including data acquisition time. Therefore, mechanical scanning of the focal point is necessary for obtaining an image using fluorescence lifetime. Such mechanical scanning often limits the frame rate of FLIM. While use of a rotating polygonal scanning mirror 12 or a combined microlens array and pinhole array 13 can boosts the frame rate in fluorescence-intensity microscopy, such fast mechanical scanning is not compatible with the TC-SPC or PM method. FLIM without the need for mechanical scanning, that is to say, scan-less full-field FLIM, is promising for rapid fluorescence lifetime imaging and will expand the range of applications of FLIM in life science. Since the PM method can achieve a higher data acquisition rate than the TC-SPC method, a promising -6-approach is to parallelize the PM method without the need for mechanical scanning.
Scan-less wide-field FLIM was achieved by combining the PM method with a camera 14, 15 ; however, the low detection efficiency of the camera hinders rapid image acquisition. Another scan-less wide-field FLIM was demonstrated by using a combination of the PM method and single-pixel imaging 16 . However, the need for consecutive excitation of different spatially-coded light patterns in this method hampers rapid image acquisition.
One interesting approach expandable to scan-less full-field FLIM is fluorescence imaging by radiofrequency-tagged emission (FIRE) [17] [18] [19] , which is based on a combination of frequency multiplexing and spectral mapping in the radiofrequency (RF) region. In this method, a 1D array of focal spots with different RF modulation frequencies is generated by digitally synthesized optical beating with an acousto-optic deflector, and is then radiated onto a sample. After passing through a confocal slit, the radiated fluorescence is detected by a point photodetector. Since the detected fluorescence signal has a one-to-one correspondence between RF beat frequencies and line pixels via frequency multiplexing and spectral mapping, a line fluorescence intensity image is reconstructed from a group of frequency multiplexed -7-RF beat signals without the need for mechanical scanning of the focal point. However, the limited number of frequency-multiplexing RF beats (typically, a few hundred) makes it difficult to expand this approach to scan-less 2D images. Therefore, 1D mechanical scanning of the focal line is still required to obtain a 2D image. If one can increase the number of frequency-multiplexed RF beats up to its square, scan-less full-field fluorescence imaging, namely, 2D-FIRE, could be achieved by using a combination of ultra-dense frequency multiplexing and 2D spectral mapping.
One potential method for ultra-dense frequency-multiplexed RF signals is to use an optical frequency comb (OFC) [20] [21] [22] [23] . An OFC is composed of a large number of optical frequency spikes (typically, tens to hundreds of thousands) with a constant frequency spacing (= frep), and functions as an optical carrier with a vast number of discrete channels. Furthermore, multi-frequency heterodyning interferometry between dual OFCs (frequency spacing = frep1, frep2) with slightly different frequency spacing (= ∆frep = frep2 -frep1), namely, dual-optical-comb beating, generates a secondary optical beat comb in the RF region, namely, an RF comb. Since an RF comb is a replica of an OFC whose frequency scale is reduced by frep1/∆frep, it has been used for broadband high-precision spectroscopy, for example, in dual-comb spectroscopy -8-(DCS) [24] [25] [26] . On the other hand, because the number of RF comb modes is equal to that of OFC modes, it is sufficient for frequency multiplexing RF signals in 2D-FIRE.
2D spectral mapping of OFC modes can be achieved by a combination of a virtually imaged phased array (VIPA) 27, 28 and a diffraction grating. Such 2D spectral mapping has been effectively used for not only optical wavelength division demultiplexing 29 and broadband spectroscopy 30 but also for 2D imaging 31, 32 . Recently, 2D spectral mapping has been combined with DCS for scan-less full-field confocal microscopy based on a one-to-one correspondence between OFC modes and 2D image pixels 33 . However, the application of this dual-comb microscopy (DCM) is limited to coherent light, such as reflected or transmitted light, due to the use of multi-frequency-heterodyning interferometry.
In this article, we expand DCM into scan-less full-field FLIM or 2D-FIRE, that is, so-called f-DCM, by combining ultra-dense frequency-multiplexed RF signals of dual-optical-comb beats with 2D spectral mapping using VIPA and a diffraction grating.
Based on the one-to-one correspondence between dual-optical-comb RF beats and 2D image pixels, a 2D image of fluorescence intensity is obtained from the amplitude spectrum of ultra-dense frequency-multiplexed fluorescence RF signals without the -9-need for mechanical scanning of the focal spot. Furthermore, 2D imaging of fluorescence lifetime is demonstrated based on parallel phase measurement of fluorescence RF signals, which corresponds to parallelization of the PM method.
Results

Figures 1(a) and 1(b) respectively illustrate an experimental setup and a
sample of f-DCM to implement the 2D spectral mapping ( Fig. 2 ) and frequency multiplexing ( Fig. 3 ) of dual-optical-comb beats, which is described in the Methods section together with details on the experimental and analytical methodology employed for the following measurements.
Scan-less imaging of fluorescence intensity
We first demonstrated scan-less imaging of fluorescence intensity. A Rhodamine 6G aqueous solution (molar concentration = 300 µM, excitation wavelength = 461-533 nm, fluorescence wavelength = 543-617 nm, fluorescence lifetime = 4.08 ns) 34 was filled into the chamber to serve as the fluorescent sample.
We measured the region around the Group6/Element1 pattern (line spacing = 39 µm/lp) of the target. Figure 4 We next investigated the dependence of the signal-to-noise ratio (SNR) on the number of accumulated signals in the fluorescence intensity imaging. 
Scan-less imaging of fluorescence lifetime
We performed scan-less bimodal imaging of fluorescence lifetime and fluorescence intensity for a different region of the same sample as in the experiment above. Figure 6 Fig. 6(f) . The test pattern was clearly confirmed in both images. However, it is important to note that the mechanism of the image contrast is different between them. The mean and standard deviation of fluorescence lifetime in the image region 
Discussion
We first discuss the possibility of further increasing the image acquisition rate with the proposed f-DCM method. In principle, the maximum rate of image acquisition is equal to ∆frep because the temporal waveform of image-encoded fluorescence RF comb modes is acquired at a rate of ∆frep. In the present setup, ∆frep was set to 997 Hz; in other words, single-shot imaging can be achieved at 997 Hz. However, the scanless full-field fluorescence imaging demonstrated above needs a large number of accumulated images to obtain a high-SNR image (see Fig. 5 ). The reason why image accumulation is needed is the considerably weak excitation light, which is limited by the efficiency of nonlinear wavelength conversion in the PPLN crystal and signal loss in the 2D spectral disperser. Considering the total power of excitation light (= 242 µW) -14-at the focus and the number of 2D image pixels (= 149 × 200 = 29,800 pixels), the excitation power per pixel was only 8 nW, which is much lower than that in the conventional PM method (typically, µW order) 10, 11 or FIRE [17] [18] [19] . Since the image SNR in the proposed system was shot-noise-limited, as shown in Fig. 5(e) , a higher total power of excitation light will efficiently contribute to improvement of the image SNR or reduction of the image acquisition time.
We next discuss the possibility of achieving confocality in the f-DCM.
Confocal fluorescence microscopy 36 is a powerful tool for low-invasive twodimensional (2D) optical sectioning or three-dimensional (3D) imaging in life science because it provides confocality, which enables depth selectivity on micrometre order, together with stray light elimination, in thick biological specimens. In usual confocal fluorescence microscopy, confocality is achieved by placing a detector pinhole at a conjugate position with respect to a focused excitation spot in a specimen. In the case of f-DCM, since a 2D array of focal spots is formed in the sample, one has to place a 2D array of pinholes at a conjugate position with respect to the 2D array of focal spots. 
Methods
2D spectral mapping of dual-optical-comb beats
When an OFC (OFC1, frequency spacing = frep1, optical frequency = ni = n1, n2, n3, ×××, nn) beam is spatially overlapped with another OFC beam with a slightly different frequency spacing (OFC2, frequency spacing = frep2 = frep1 + ∆frep), a group of optical beats is generated as dual-optical-comb beats (beat frequency = bi = i∆frep = ∆frep, 2∆frep, 3∆frep, ×××, n∆frep) via multi-frequency-heterodyning interference between adjacent modes of OFC1 and OFC2, as shown in the upper part of Fig. 1(a) . In the RF region, such dual-optical-comb beats show a large number of frequency spikes with different frequencies bi (= ∆frep, 2∆frep, 3∆frep, ×××, n∆frep) , namely, an RF comb, as shown in the lower part of Fig. 1(a) . Since the RF comb is regarded as a replica of OFC1 in which the frequency spacing is downscaled from frep1 to ∆frep, a one-to-one correspondence is established between OFC modes ni and RF comb modes bi. In other words, such dual-optical-comb beating is equivalent to tagging each OFC mode ni with a unique RF beat frequency bi.
2D spectral mapping of OFC modes is achieved by a 2D spectral disperser, composed of a VIPA and a diffraction grating 33 . The 2D spectral disperser enables us -17-to spatially develop OFC modes as a 2D spectrograph of zigzag lines depending on the optical frequency or wavelength, as shown in Fig. 1(b) , enabling another one-toone correspondence between 2D image pixels pi and OFC modes ni. When beams of both OFC1 and OFC2 are simultaneously fed into the 2D spectral disperser, each adjacent mode pair of dual-optical-comb beats is spatially overlapped and forms a common focal point at different positions depending on their optical frequency.
Scan-less 2D imaging with radio-frequency-multiplexed fluorescence signals
2D spectral mapping of dual-optical-comb beats enables us to combine (i) the one-to-one correspondence between OFC modes ni and RF comb modes bi with (ii) the one-to-one correspondence between 2D image pixels pi and OFC modes ni.
This results in a one-to-one correspondence between 2D image pixels pi and RF comb modes bi at the fluorescence excitation side, as shown in Figs. 2(a) image based on the one-to-one correspondence between fluorescence 2D image pixels pi and fluorescence RF comb modes bi, a full-field 2D fluorescence image is acquired without the need for mechanical scanning of the focal spot.
Bimodal imaging of fluorescence intensity and lifetime
Let us consider the case where excitation light with modulation frequency bi is incident on the sample, as shown in Fig. 8(a) . Although the resulting fluorescence is also modulated synchronously with the excitation light modulated at bi, there is a difference of amplitude and phase between them, as shown in Fig. 8(b) . The fluorescence intensity image can be obtained by parallel measurement of amplitude values of the modulated fluorescence for all modulation frequencies corresponding to 2D image pixels, that is, measurement of the amplitude spectrum of the fluorescence RF comb modes [see Fig. 2(d) ]. On the other hand, the phase delay fi of the modulated fluorescence from the modulated excitation light is related to the fluorescence lifetime Therefore, measurement of the phase delay spectrum between the excitation RF comb and the fluorescence RF comb enables scan-less full-field fluorescence lifetime imaging. wavelength range = 1540-1570 nm). We obtained dual-optical-comb beats around 520 nm by spatially overlapping the two green light beams with powers of 11.1 mW and 9.7 mW from OFC1 and OFC2, as shown in the inset in Fig. 1(a) . The green dual- Table 1 .
Experimental setup
τ i = tanφ i 2π b i -20-
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